We examined the relationship between nitric oxide (NO) production and delayed neuronal death (DND), in the rat hippocampus induced by 21 minutes of transient global ischemia produced by the occlusion of both of the common carotid arteries combined with systemic hypotension. NO pro duction during ischemia and reperfusion was investigated by quantifying the nitrite (NO2-) levels of the in vivo microdialysis samples collected every 3 minutes from the hippocampus. To determine the origin of NO production, we studied the effects of the focal administration of NG-nitro-L-arginine methyl ester (L-NAME), an inhibitor of the constitutive NO synthase (NOS). We also carried out systemic administration of a selective neuronal NOS inhibitor, 7-nitroindazole (7-NI). Rats were grouped as follows: group 1 (n=22), vehicle; group 2 (n=19), L-NAME; group 3 (n=12), 7-NI; and group 4 (n=12), a sham operation. The role of NO in the hippocampal DND was investigated histo logically one week after ischemia. The level of NO production was significantly decreased in groups 2 and 3 as compared to group 1 in which NO production was significantly increased (p<0.05). The density of remaining neurons in the CAI area was significantly reduced only in group 1 (p<0.01). Taken together, it can be concluded that NO production by neuronal NOS during ischemia and reperfusion resulted in DND in the CA1 region of the rat hippocampus. (Keio J Med 50 (3): 182-187, September 2001)
Introduction
The hippocampus is known to be one of the brain areas "vulnerable" to an ischemic insult.1 Some clinical cases of the global ischemia due to transient systemic hypotension, in which neurological deficits such as am nesia often develop as sequelae, have been reported to have pathological lesions restricted to hippocampal neurons.2.3 Some form of vascular dementia may be attributed to the vulnerability of the hippocampus to ischemia. The pathophysiological change corresponding to these cases in animal models is thought to be delayed neuronal death (DND), which is slowly progressive cell death originally found in the CA1 sector of the gerbil hippocampus after transient global ischemia. 4 Although this selective vulnerability of the CA1 sector of the hippocampus to cerebral ischemia is well known, the mechanism underlying this vulnerability has not yet been elucidated.
The glutamate-calcium theory5,6 is one of the most well known theories that can explain neuronal death, including the mechanism of DND not directly mediated by energy failure. During ischemia, subsequent activa tion of NMDA-type receptors induces a massive inffilux of Ca2+ into neurons. Secondary to the elevation of intracellular calcium, constitutive nitric oxide synthase (NOS) is activated by calmodulin and results in NO production.
The participation of NO in DND has not been dem onstrated. Elucidating the mechanism of slowly pro gressive neuronal death, including DND, is important, since it concerns the treatment of not only global and mild cytoplasmic eosinophilia), and severe ischemic changes (e. g., a triangular shrunken neuron lacking nuclear-cytoplasmic detail, and strong eosinophilic changes in the cytoplasm). Neurons with recognizable nuclei were counted in each area of the hippocampus (e. g., CAI, CA2, and CA3) and classified into the ischemic categories described above. The degree of ischemic change in each area of the hippocampus was expressed as the density of surviving neurons and as the percentage of each category. The mean and standard deviations for the degree of ischemic change in all areas are depicted for each group. The sections were graded in a double-blinded manner by a neuropathologist who was blind to the identification of the groups.
The ANOVA multiple measurement and Mann Whitney test were used for the microdialysis and histo logical studies, respectively.
The Experimental Committee of Keio University approved the experimental protocol as meeting the Experimental Animal Guidelines of Keio University School of Medicine.
Results
There were no significant differences in physiological parameters among the four groups studied (Table 1) . In group 1, global ischemia gave rise to a significant in crease in NO2-15, 18 and 21min after the onset of ischemia and 6, 9, 12 and 15min after reperfusion, as compared to group 4. In group 2, administration of L NAME induced a significant decrease in NO2-18min after the onset of ischemia and 12min after reperfusion, as compared to group 1. In group 3,7-NI also induced a significant decrease 18 and 21min after the onset of ischemia and 9, 12 and 15min after reperfusion, as compared to group 1 (Fig. 1) . These data suggest that production of NO through constitutive NOS, mainly neuronal NOS, increases during ischemia and reperfu sion.
The temporal profile of neuronal death in the hip pocampal CA1 area was studied. Although the den sities of neurons in CAI six hours and 24 hours after ischemic insult did not differ significantly from those of the control group, that of CA1 neurons one week after ischemia was significantly decreased as compared with the other groups. (Fig. 2 ) These data suggest that the global ischemia employed in the present study induced DND. By histological examination, the numbers of remain ing neurons in CA1 in groups 2, 3 and 4 significantly exceeded that in group 1 (Fig. 3 ). There were no sig nificant differences between CA2 and CA3 areas (data not shown). The ratio of normal neurons in CA1 in group 3 was also significantly higher than that in group 1 (Fig. 4 ). There were no significant differences be tween the CA2 and CA3 areas. These data suggest that inhibition of constitutive NOS, particularly neuronal NOS, has a protective effect against neuronal damage in the CA1 region one week after transient global ischemia. effect of 7-NI against DND in the gerbil hippocampus, no data from rats have as yet been reported. Differ ences among species are very important when subtle changes, such as measuring small quantities of nitrite and distinguishing between protective and harmful effects of NOS, are considered. In the present study, 21min global ischemia increased the level of NO production in the hippo campus although a previous study reported a decrease in that of NO production during ischemia.7 This in crease in NO production was seen during both the latter half of the ischemic period and the reperfusion period. The lack of an NO production increase just after the onset of ischemia may be explained by the very short half-life (less than a few seconds) of NO. NO, an unstable molecule with unpaired electrons, can com bine with several other molecules and is metabolized immediately after its production. The hypoxic state during ischemia is likely to cause some delay in NO2 -formation, since the rate of NO oxidation is critically dependent upon the oxygen concentration.13 Enhance ment of NO production during ischemia must be tran sient, since the supply of oxygen or L-arginine, both of which are required for NO production, gradually de creases with the progression of ischemia. Besides, NOS itself may degenerate in response to an ischemic insult. The total amount of NO production during the ischemic period may decrease even if NO production increases transiently during the ischemic period. Thus, to evaluate the production of NO precisely during ischemia, NO should be monitored continuously with measurements taken at short intervals as in our study. The production of NO also increased during the reper by neuronal NOS exerts delayed neuronal death fusion period and the amount of NO was higher than that in the ischemic period in the present study. This may result from an increased supply of the NOS sub strate, L-arginine, and oxygen due to reperfusion. Al though we did not measure NO itself but rather its product, NO2-, the measurement of NO2-alone is suf ficient to evaluate the NOS activity in the brain. Nitrate (NO3-) measurement appears to be unnecessary, since (1) the nitrogen atoms in NO2-and NO3 are derived exclusively from one of the two nitrogens in arginine14 and (2) NO2-is not converted to NO3-15 in the brain tissue during the early phase of ischemia. 16 The ratio nale for measuring NO2-in this model has been dis cussed in detail elsewhere. 17 In the present study, administration of L-NAME during and shortly after ischemia exerted a neuro protective effect in the hippocampal CA1 region one week after ischemia. The effect of systemic administra tion of L-NAME on ischemia is controversial. Sance sario, et al. 18 reported that intraperitoneal administra tion of L-NAME (50mg/kg) every other day that was initiated four days before 10-minute ischemia induced by common carotid artery occlusion (CCAO), resulted in a greater ischemic damage to CA1 neurons five days after ischemia.18 On the other hand, Shapira et al. showed that intraperitoneal administration of the con stitutive NOS inhibitor, NG-nitro-L-arginine (L-NA)(5 mg/kg), 4 hours before 5-minute ischemia induced by CCAO, would suppress ischemic changes in CA1 neu rons six days after ischemia.19 Stronsznajder et al. 20 and Kohno et al.8 also suggested that constitutive NOS inhibitors had a neuroprotective effect one-week after a 5-minute ischemic insult. These discrepancies may be due to the amount of the NOS inhibitor used, that is, a large amount of the NOS inhibitor (10-50mg/kg) would exaggerate the ischemic damage to CA1 neu rons. We speculate that small amounts of constitutive NOS inhibitors can suppress neuronal NOS, thereby apparently exerting neuroprotective effects. However, a large amount of a constitutive NOS inhibitor may also suppress endothelial NOS, possibly producing a neuro toxic effect. In our study, 4mM L-NAME was focally administered via a microdialysis probe and a neuro protective effect was observed. L-NAME is so lipid soluble that it can readily penetrate neurons near the microdialysis probe to attenuate neuronal NOS activity. To confirm the above assumption, we further inves tigated the effect of 7-NI. 7-NI, a selective neuronal NOS inhibitor, was administered intraperitoneally in the same model, which demonstrated a neuroprotective effect on the outcome of ischemic neuronal damage at one week after transient ischemia. This result suggests that the neuronal NOS activity in the hippocampus is neurotoxic, that is, neuronal NOS may play a neuro toxic role in delayed neuronal death as described in other studies.9 To investigate neuronal death resulting from ischemia, the influence of hypothermia should be considered, since hypothermia is known to be neuro protective. 21 In the present study, however, hypo thermia exerted no neuroprotective effects. The effect of inducible NOS should also be considered. However, the effects of focally administering L-NAME and 7-NI persisted for about one day22 and inducible NOS activ ity peaked two days after transient ischemia. Therefore, it is probable that L-NAME or 7-NI itself had no direct influence on the activity of inducible NOS in our study. All three groups were equally influenced by inducible NOS or the one week process of maturation of neuro nal death in our study. Thus, it can be concluded that suppression of neuronal NOS activity during ischemia and reperfusion exerted protective effects against DND.
NO production triggers several events during ische mia and early phase reperfusion, including depletion of DNA by peroxynitrite (ONOO-),23 inhibition of super oxide dismutase in mitochondria,24 reversible suppres sion of mitochondrial oxidation via competition with oxygen,25 and suppression of GAPDH activity resulting in exhaustion of ATP.26 Fragmentation of DNA, which is due to the depletion of nuclear DNA, activates poly ADP-ribose polymerase (PARP) in the nucleus. As PARP is an enzyme which adds ADP-ribose from NAD to protein in the nucleus, DNA damage activates PARP to add a large amount of ADP-ribose to histone and PARP itself. Each addition of ADP-ribose consumes one molecule of NAD which is synthesized by four molecules of ATP. Damage to mitochondrial enzymes by NO also leads to exhaustion of NAD and ATP, resulting in energy failure and neuronal death. 27 The suppression of NO production during ischemia and the early phase of reperfusion might attenuate the patho logical mechanisms described above and significantly diminish neuronal death during the first week after ischemia.
Our experiment demonstrated a causal relationship between NO production by neuronal NOS, during and shortly after ischemia, and neuronal death of pyramidal neurons in the CA1 region of the rat hippocampus one week after ischemia. These data suggest that NO syn thesized by neuronal NOS promotes DND in rats . 
